Metal uptake and mortality rates are determined for selected body areas of Gamaarus pulex under both in-situ stream and laboratory test conditions. Metal equilibrium concentration levels are achieved in soft tissue within 5 to 6 weeks exposure in the field with four-to five-fold increases over background control levels noted for saturation levels in caged organisms at sites subject to sewer discharges. Laboratory bioassays yield short-term LC20 values in the order Pb>CU>Zn, although there is little difference in metal toxicities over exposure periods of about one week.
INTRODUCTION
The water industry throughout Europe is experiencing major organisational changes in terms of strategic and operational approaches to pollution sources. The emphasis is moving towards the control of intermittent and diffuse pollution impacts on receiving waters and away from traditional point-source discharge effects.
Episodic pulse effects have now become major "targets" for upgrading and are priority objectives in terms of cost-effective sewer performance criteria and impact analysis.
Accompanying this changing emphasis on surface water quality targets is a growing concern about the relevance of the conventional chemical data base in identifying and resolving these new targets and needs.
Additionally, traditional biological enumeration procedures have been essentially concerned with the identification of quasi-steady state zonations and such approaches are not entirely suitable for monitoring short-term stress impacts and ecological responses. The major weakness of existing biological methods in these terms is the paucity and uncertainty of the ecotoxicological basis for the development and establishment of valid ecological criteria.
Whilst regulatory organisations may differ between European member states, environmental legislation is primarily based on a cOllmon toxicity analysis approach with ambient pollutant concentrations forming the basis for the development of water quality criteria. The method used to identify such standards for environmental protection is essentially based on fixed dose response rates as determined from conventional laboratory bioassays.
This paper provides a biological assessment of the use of in-situ indicator organism testing procedures for the development of toxic criteria and a comparison of field experience with laboratory toxicity tests. Given the importance placed on detritivore species as a base component of the food web in aquatic systems (Mance, 1987) , Gammarus pulex, the freshwater shrimp, was selected as an indicator organism for in-situ metal uptake tests.
Although the Gammarus species is rarely, if ever, recorded in routine enumerations of urbanised sites subject to storm sewer discharges, it has been consistently found on colonisation samplers installed at such sites (Bascombe et al. , 1988) . This suggests that the cause of its absence may be related to either acute stresses imposed by extreme episodic events and/or to chronic exposures following storm disturbance of contaminated benthal sediments which have been innoculated by the intermittent sewer discharges. The feeding behaviour of Gammarus therefore makes it a particularly suitable biomonitor for metal uptake at this critical sediment-water interface zone.
EXPERIMENTAL METHODOLOGY
To investigate the site-specific behaviour of macro invertebrates exposed to ambient metal stress, Gammarus pulex was collected from an unpolluted upstream site (site 1) and 50 individuals transferred to cages fixed at four downstream locations. Site 2 is located on the outer fringes of an urban area and has no major contributing point sources, whereas sites 3 and 4 are respectively located downstream of surface water discharges from a busy urban highway and an industrial area. Site 5 is situated immediately below a major storm sewerage overflow.
At weekly intervals, invertebrate samples were recovered from the cages and analysed for Cu, Pb and Zn to assess the sub-lethal uptake behaviour of Gammarus exposed to ambient metals. Three target areas were differentiated; the adsorbed surface fraction of available metal which was initially removed by a dilute acid wash; absorbed metal within the body tissues which was separated by dissection of invertebrates into soft (internal) tissue and hard carapace (external) fractions.
After digestion in a 9: 1 (v/v) nitric:perchloric acid mixture, samples were taken up in dilute nitric acid, filtered and analysed for the above metals by anodic stripping voltammetry.
In parallel to the in-situ experiments, laboratory toxicity tests were carried out in which Gammarus individuals from the background site (site 1) were exposed to artificially enhanced known metal concentrations. A continuous-flow toxicity testing apparatus was designed, based on that described by Green and Williams (1983) .
Invertebrates were simultaneously exposed in parallel tests to doses of 0, 50, 100 and 500 pg 1-1 of each of the metals as solutions of their nitrate salts. When mortality in the control reached 5% of the test organisms, the associated series of tests was terminated.
At least one duplicate of each test run was carried out. After time intervals of 0. 5, 1, 2, 4, 8, 12, 24 hours, and subsequently at 24 hour ly intervals, the apparatus was examined and any dead individuals counted and removed and metal concentrations determined for the tissue target areas.
The results for the toxic effects of Gammarus metal exposure were determined and presented in terms of LC20 or LC50 values. and the uptake behaviour of the metals concerned was assessed with respect to this mortality.
IN-SITU METAL UPTAKE
The mean total tissue concentrations of Pb and Zn in Gammarus pulex as measured from the weekly caged populations over a seven week period are shown in Figure 1 . Lead concentrations (25 -30 pg g-l ) remain low at the control site (site 1) and at sites 2 and 3. Some bioaccumulation with time is apparent at site 4 but there is a marked linear metal uptake rate in individuals at site 5, reaching an equilibrium concentration of approximately 130 pg g-l after four weeks. Zinc concentrations in Gammarus tissue also rise markedly at the two polluted downstream sites over the first week of exposure, followed by a slower linear uptake to equilibrium values of about 100 pg g-l (site 4) and 200 lIg g-l (site 5).
Broadly similar trends were obtained for Cu confirming the elevated uptake rates associated with the storm sewer site. There is an overall increase in maximum equilibrium tissue concentration of between four and five times compared to background level for each of the monitored metals.
All the metals, but particularly zinc, demonstrate a higher rate of bioaccumulation at site 4 compared to site 3 upstream, despite only marginally elevated sediment, particulate and dissolved metal concentrations at the former si te (Table 1 ). This may be explained by a change in substrate composi tion from gravel at site 3 to unconsolidated silts downstream which facili tate metal uptake through improved feeding rates. The enhancement of ambient water and sediment levels at site clearly produce further biomagnifications as indicated by the total tissue metal levels in Table  1 . Gammarus species can filter some 0. 16 litres per day of water to satisfy their oxygen demands (Abel and Barlocher, 1988) . This throughput is compatible with the observed rapid bioaccumulation of zinc, as concentrations of this metal are correspondingly higher than for Pb or Cu in the aqueous phase. A Gammarus individual weighing 10 mg also requires about 0. 15 mg of feed per day, and so the high Pb bioaccumulation rate of site 5 can be explained by the observed elevation in metal concentrations of the particulate phase which will also be the organic food source for the gammarid species. A comparison of total tissue metal concentrations between organisms transferred from the background control site ( site 1) and from site 3 to site 5 below the storm sewer overflow (Table  1) , indicates very similar metal equilibrium concentrations irrespective of source. Addi tionally there was no marked variation between the observed cumulative percentage mortalities of either of the transferred caged sets over the exposure period. The data would suggest that there is no significant acquired metal pollution tolerance shown by the transferred downstream organisms. However, acclimation to a similar range of metal concentrations is certainly shown by organisms transferred from the unpolluted background site.
The differential uptake of Pb, Cu and Zn by soft tissue, carapace and surface adsorption is shown in Figure 2 . Equilibrium concentrations for adsorbed Pb (22 jlg g-l ), Cu (13 Ilg g-l ) and Zn (42 �g g-l ) are reached after two weeks. suggesting that the carapace surface area is the limiting factor. The carapace tissue metal concentrations, which normally exceed adsorbed concentrations, appear to reach equi 1 ibrium after six weeks with Pb, Cu and Zn levels of 32 jlg g-l , 17 jlg g-l and 54 pg g-l . respectively. However, the enhancement of both carapace and adsorbed concentrations are most marked in the case of Zn uptake. A progressive and rapid bioaccumulation of all metals is apparent in the soft tissue ( Figure 2 ) with equilibrium concentrations of 90 ( Pb) , 70 ( Cu) and 110 ( Zn) �g g-l being established after five to six weeks. The metal distributions at equilibrium in the different tissue components are shown in Table 2 and illustrate the greater tendency of Zn to be associated with the adsorbed and carapace tissue fractions. However, the high proportion and rapid rate of soft tissue metal bioaccumulation, which is brought about by the high metabolic rate of gamDlarid species, confirms the suitability of this target area for monitoring metal toxicity stresses over relatively short exposure periods. A physiological stress reponse enables the soft tissue metal equilibria to vary directly in response to fluctuations in ambient metal concentrations. 
LABORATORY TOXICITY TESTS
The mortality data derived from the controlled laboratory tests has been used to estimate LC50 and LC20 values for Gammarus over different periods of exposure and the LC20 trends for Pb, Cu and Zn are shown in Figure 3 . The LC20 values in comparison to LC50 levels provide a clearer indication of the concentrations which will be immediately harmful to aquatic organisms and are therefore of relevance to the setting of water quality standards.
There is an increase in toxicity as represented by the LC20 values, in the order Pb<Cu<Zn with this trend being particularly pronounced over the shorter exposure period of 48h.
The pattern indicates the discriminating toxic capability of di fferent metals over such short time periods as well as highlighting some of the problems concerned wi th predicting relevant LC values in situations where macroinvertebrates are exposed to very short duration, acute toxic pulses.
In an attempt to estimate the impact of 24h duration exposures, the LClO ( Cu and Pb) and LC5 (Zn) values have been calculated and are shown on Figure 3 .
The predicted LC5 value for Zn can certainly be achieved during stormflow conditions as the ambient soluble Zn concentration at site 5 exceeds 300 �g 1-1 , although it must be remembered this will include a large proportion of During the toxicity tests the cumulative mortality levels never exceeded 50% over 48h but for longer time periods the LC50 values were approximately double the corresponding LC20 value. The 96h LC50 values determined for Pb, Cu and Zn were 175, 329 and 77 pg 1-1 respectively. These values contrast to previously reported 96h LC50's for Gammarus which are of the order of 1200 pg Cu I-I (Rehwoldt �., 1973) , 17 to 109 pg Cu 1-1 (Stephenson, 1983) and 4600 pg Zn 1-1 (Cowley, 1985) . The variability in values may, to some extent, be explained by the different water quality parameters, particularly water hardness, pH and DO, employed in the respective toxicity tests.
In this study, oxygen saturation was constantly maintained, the pH range was 7.2 to 7.6 and the hardness remained at 230 mg 1-1 as CaCOa throughout the experiments.
This relatively high hardness would be expected to alleviate the toxic impact of the dosing metals. Recommended EC standards, as annual average dissolved metal concentrations, for the protection of freshwater life other than salmonid and coarse fish at hardness levels of 200 -250 mg 1-1 as CaCOa are 10, 60
and 100 pg 1-1 for Cu, Pb and Zn respectively (Mance and O'Donnell, 1984) . Shorter term, 24h standards for the protection of all freshwater life have been proposed by EPA (1983). These are 5.6 pg Cu 1-1 , 50 pg Pb 1-1 and 47 pg Zn 1-1 , expressed as total metal concentrations at a hard ness of 300 mg 1-1 as CaCOa• Therefore direct comparison with the LC50 and LC20 data of this study is difficult because of the different time bases and different metal forms considered but the higher toxicity of Cu envisaged by these standards is certainly not evident from the toxicity tests.
COMPARISON OF MORTALITY AND METAL UPTAKE FOR THE IN-SITU AND LABORATORY EXPERIMENTS
The soft tissue metal concentrations in Gammarus provide an indication of the dose-response interaction between the organism and the ambient source metal levels.
Therefore, in situations typical of urban river systems where intermittent inputs and changes in soluble metal levels can occur as a result of Clow changes during storm conditions, the metal uptake values give an "averaged" indication of the impact of these short-term variations.
The relationship between metal uptake and mortality at site 5 over seven week exposure periods is shown for Pb and Zn in Figure 4 .
Comparison of these variations shows that after an initial tolerance which is consistent with its more efficient Zn uptake, Gammarus demonstrates a greater mortality response to small increases in the soft tissue concentration of this metal.
Copper ( The laboratory based metal uptake experiments show that the variation with mortality is virtually independent of the solution metal concentration, with only Zn showing a significantly decreased uptake in the most dilute solution (Figure 4 ). The lack of discrimination between solutions of different metal concentration is unexpected and suggests, in the case of the laboratory experiments, the existence of a threshold concentration above which a uniform mortality -metal uptake relationship exists. The gradients of the plots for each of the metals are similar and considerably steeper than those for the in-situ experiments, indicating a greatly enhanced toxici ty over the one week time period of these tests. The increased toxicity demonstrated by the laboratory experiments may be partly explained by a greater metabolic activity resulting from the higher temperatures to which the test species were subjected. In addition, the organisms were being exposed almost entirely to free metal ions whereas only a small proportion of the soluble metal at site 5 would be present in this most bioavailable and toxic form. Previous studies of Cu, Pb and Zn speciation in urban river systems (Morrison et al., 1984) have shown that only Zn has a tendency to exist in the free ionic or very weakly complexed forms with up to 50% of the soluble metal occurring as these species. The metal uptake and toxicity characteristics at site 5 are not, therefore, being controlled entirely by the bioavailable metal concentration but are being more generally influenced by the physico-biochemical interactions between the organism and its enveloping sediment -water interface. The form of the metal curves at Site 5, as shown on Figure 4 , can be interpreted in terms of an initial linear accumulation to critical uptake levels which is followed by extremely rapid uptake and associated mortality rates which mirror the gradients obtained in the laboratory toxicity tests. These intersecting rate plots may well be reflecting chronic and acute exposure effects respectively.
CONCLUSIONS
The results described in this paper outline the problems associated with the prediction of toxicity or mortality rates from either laboratory based dose-response tests or tissue pollutant uptake rates. Water quality standards have traditionally been derived by consideration of LC50 values for a chosen test species over a 96h period. This study shows that the choice of exposure time is critical to the response of different metals in terms of the derived LC value and that laboratory experiments cannot accurately simulate all aspects of the natural sediment-water environment.
Relationships between metal tissue levels and mortality provide a more realistic indication of how the organism interacts with variable metal concentrations,but laboratory based experiments are also inadequate in reproducing characteristic metal concentrations for the water, suspended particulate and sediment phases. The in-situ metal uptake experiments provide a much more realistic indication of metal-induced mortality and this has been shown to increase in the order Pb<Zn<Cu. A knowledge of the soft tissue metal level which corresponds to the transition in mortality between the chronic and acute phases in an appropriate indicator organism provides an authentic advanced diagnostic warning of a potentially severe toxic pollution problem in the receiving water system.
